activity of several enzymes. Ceramides generated by NSMase apparently stimulate a protein kinase cascade including CAPK, c-raf-1, and MAP-kinases (for review see refs. 15, 16) . The function of ceramides generated by ASMase is unclear at present. A-SMase and ceramides may act as cofactors for the signaling pathways leading to programmed cell death in select cell types and tissues in response to Fas/APO-1, γ irradiation and ultraviolet (UV) irradiation, TNF, and various stress factors (17) (18) (19) (20) . The mode of action of ceramides is apparently determined by the subcellular site of their production. The TNFresponsive N-SMase is located at the plasma membrane, whereas the site of A-SMase activation appears to be an endosomal/lysosomal compartment (12) .
Previous studies have shown that experimental injury to the SC by acetone treatment or by tape stripping results in permeability barrier disruption (21) . During permeability barrier repair an increase in the synthesis of ceramides, cholesterol, and free fatty acids, including an increase in the activity of the rate-limiting enzymes (e.g., serine palmitoyl transferase for ceramide synthesis), has been demonstrated (21) (22) (23) (24) . In addition, we showed that experimental barrier disruption also results in an increase in epidermal DNA synthesis (25) . Recently, we reported that permeability barrier disruption, as was shown for full skin thickness wounds, leads to profound changes in epidermal differentiation. We found induction of cytokeratin K6, K16, and K17, and a premature expression of involucrin (26) .
The signals for the increase in lipid synthesis, DNA synthesis, and altered differentiation after barrier disruption are only partially understood. It has been proven already that transepidermal water loss (TEWL), calcium, potassium, and chloride ions are involved in the regulation of permeability barrier repair (27) . An important role in cutaneous wound and barrier repair has been suggested for epidermal cytokines, including TNF, Il-1α and Il-β, granulocyte macrophage CSF (GM-CSF), TGF-α and TGF-β, IFN-γ, Il-8, and . In normal epidermis TNF is produced in the upper nucleated layers. After barrier disruption, a more intense staining for TNF throughout all the nucleated epidermal cell layers has been made visible by immunohistochemistry (31) . To elucidate the functional role of TNF for cutaneous permeability barrier repair in vivo, we examined here, in normal (hr -/ hr -) and (hr +/ hr + ), TNF-R55-deficient (hr +/+ ), and TNF-R75-deficient (hr +/+ ) mice, the involvement of TNF signaling pathways, including sphingomyelinases and ceramides. We also investigated whether sphingomyelinases contribute to ceramide generation as structural components of the SC bilayers. Here we describe that TNF-R55 and A-SMase are crucially involved in early cutaneous barrier repair.
Methods
Animals. Male hairless mice [Crl: (hr -/hr -) BR] 6-8 weeks of age were supplied by Charles River Wiga (Deutschland) GmbH (Sulzfeld, Germany). TNF-R55-deficient mice (hr +/+ ) were generated on a C57BL/6 background as described (32) and have been backcrossed to C57BL/6 more than 5 generations. Breeding was then continued by brother-sister mating for a further 5 generations before use. The generation of the TNF-R75-deficient mice (hr +/+ ) has been described in detail by Peschon et al. (33) . Mice on a C57BL/6 background were also generated by successive backcrossing to C57BL/6 for 5 generations. TNF-R55-and TNF-R75-deficient mice (both hr +/+ ) were bred on a hairy background, as hairless animals (hr -/-) were not available. Therefore, the respective wild-type (hr +/+ ) mice were used as controls (C57BL/6; Institute of Animal Research, Hannover, Germany). The animals were maintained conventionally under standardized conditions in groups in plastic cages with polyester filter covers. The study protocols were approved by the University of Kiel, Committee of Animal Care.
Biochemicals. Biochemicals were purchased from Sigma-Aldrich Chemie GmbH (Munich, Germany). Staphylococcal exfoliative toxin was obtained from Toxin Technology (Sarasota, Florida, USA).
Radiochemicals.
[N-methyl-14 C]-sphingomyelin (CFA566) (47.0 mCi/mmol) was purchased from Amersham Pharmacia Biotech Europe GmbH (Braunschweig, Germany). The label in [N-methyl-14 C]-sphingomyelin was located in the choline residue.
Permeability barrier disruption. Disruption of the permeability barrier was induced in hairless mice (age 6-12 weeks) by tape stripping (cellophane tape, 6-8 times), which removes cells from the SC, until a 20-to 30-fold increase in TEWL was achieved using a Meeco electronic water analyzer (Meeco Instruments Corp., Warrington, Pennsylvania, USA) or a Tewameter (Courage & Khazaka, Cologne, Germany). In the hairy TNF-R55-and TNF-R75-deficient mice (both hr +/+ ), the fur was carefully removed using a shaver before barrier disrup-tion. The shaving did not result in irritation or barrier disruption. At different time points after treatment (0-72 hours), skin samples of about 4 cm 2 were obtained.
Topical application of TNF, imipramine, or desipramine to normal mouse (hr -/-) skin. Immediately after barrier disruption, 30 µL of TNF (25,000 U), imipramine (1%), or desipramine (1%) in isopropanol/propylene glycol 3:7 (vol/vol) were applied topically. Vehicle application served as control. TEWL was determined at 1, 3, 5, 7, and 24 hours after barrier disruption.
Isolation of epidermal samples after acute barrier disruption. Flank skin of the treated or untreated sites were excised and immediately placed epidermal-side down on a covered Petri dish containing crushed ice. The skin pieces were scraped with a scalpel blade to remove excess subcutaneous fat and immersed at 37°C for 30 minutes in 10 mM EDTA in Dulbecco's PBS, Ca + and Mg 2+ free (0.16 M NaCl, 0.01 M Na 2 HPO 4 , 0.03 M KCl, 0.01 M KH 2 PO 4 , pH 7.4). Thereafter, the epidermis was peeled off the dermis by gentle scraping with a scalpel blade. Epidermal sheets were minced into small pieces (< 1 mm 3 ) with scissors and stored at -70°C.
Individual epidermal cell layer preparations using staphylococcal exfoliative toxin separation. Groups of adult hairless mice (3-5 each) were injected intradermally on both flanks with 50 µg staphylococcal exfoliative toxin dissolved in 100 µL PBS. Two hours after injection, the outer epidermis comprised of SC and stratum granulosum, was peeled off by gentle scraping with a scalpel blade. The lower epidermis, comprising stratum basale and stratum spinosum (34, 35) , and the dermis was excised, placed on ice, and separated by the EDTA method. Samples of upper and lower epidermis were used for the SMase assays. The staphylococcal exfoliative toxin by itself exhibited no SMase activity.
Isolation of SC samples. SC was removed by tape stripping. Samples from outer (first strip) and inner SC (fifth strip) were isolated. The tapes were dissolved in the specific homogenization buffers and shaken for 2 hours. Buffer A for A-SMase, containing 0.2% Triton-X 100, or buffer B for B-SMase, containing 0.2% NP-40, 20 mM Hepes, 10 mM NaF, 2 mM EDTA, 10 mM MgCl 2 , 30 mM p-nitrophenyl-phosphate, 100 µM sodium vanadate, 10 mM β-glycerophosphate, 1 mM phenyl-methyl-sulfonyl-fluoride, 1 mM pepstatin A, leupeptin, antipain, and 750 µM ATP, were used. The presence of the tape neither influenced N-SMase nor ASMase activity in vitro.
Isolation of epidermal lipids. The epidermis was separated by the EDTA method and homogenized in a glass homogenizer (500 rpm) with a Potter S (B. Braun Biotech International GmbH, Melsungen, Germany) in 300 µL distilled water, repeatedly squeezed through an 18-gauge needle, and centrifuged (1,000 g) for 10 minutes. The supernatant was taken and protein measurement was performed. The sample was added to 5 mL chloroform/methanol (2:1), washed with this mixture, stirred for at least 12 hours at 48°C, filtered through a cotton wool-stuffed glass pipette, and dried under nitrogen at 48°C.
Lipid extraction. Lipids were extracted using the method of Bligh and Dyer (36) ; briefly, the samples were resuspended using 2 × 1 mL H 2 O and 1.5 mL methanol and sonicated for 5 minutes. Chloroform (1.25 mL) was added, vortex mixed, and centrifuged for 10 minutes at 6,000 g. The supernatants were transferred to a new glass vial, and the pellet was resuspended in 1 mL H 2 O, 2.5 mL methanol, and 1.25 mL chloroform, repeatedly sonicated, and centrifuged for 5 minutes at 4,000 g. The pooled supernatants were added to 2.5 mL H 2 O and 2.5 mL chloroform. After vortex mixing, phase separation was performed by centrifugation for 5 minutes at 4000 g. The lower organic phase was transferred into a new glass vial. Chloroform (4 mL) was added to the aqueous phase, vortex mixed, and phase separated. The organic phases were combined with the first and dried under nitrogen. The dried sample was resuspended for separation of neutral lipids and phospholipids with 4 mL hexane/3 mL methanol. Both fractions were dried under nitrogen.
High-performance thin-layer chromatography. High-performance thin-layer chromatography (HPTLC) silica gel 60 plates (Merck KGaA, Darmstadt, Germany)
Figure 2
TNF-R55 deficiency delays permeability barrier repair. In TNF-R55-deficient, TNF-R75-deficient, and wild-type mice (all hr +/+ ) the fur was carefully removed and barrier disruption was induced as described in Figure  1 . Permeability barrier repair was determined as recovery in TEWL at different time points after treatment for (a) TNF-R55 deficiency (*P < 0.001, n = 7) and (b) TNF-R75 deficiency (NS, n = 6).
were pre-run with a solvent system composed of chloroform/methanol (1:1), and the plates were dried at 80°C for 30 minutes. The HPTLC chambers were equilibrated for 1 hour at room temperature with the solvent system consisting of (a) dichloromethane/methanol/acetic acid (100/2/5 vol/vol) for neutral lipids or (b) chloroform/methanol/acetic acid/H 2 O (100/60/20/5 vol/vol) for phospholipids: 50 µL of each sample and standards suspended in chloroform/methanol (9:1) were applied on HPTLC plates. After chromatography, the HPTLC plate was dried and fixed by heating at 180°C for 10 minutes. At room temperature the HPTLC plate was submerged into a bath of copper sulfate/phosphate acid (10%/8%) for 10 seconds and charred by heating the HPTLC plate to about 160°C. The spots were analyzed by scanning using 2-D laser densitometry (Molecular Dynamics Personal Densitometer; Molecular Dynamics, Sunnyvale, California, USA). Different ceramide species containing C 24 versus C 16 esterlinked fatty acids were identified by comparison with commercially available standards (Sigma Ceramide Type III; Sigma) as described previously (37) (38) (39) .
Application of exogenous A-SMases from human placenta to epidermal homogenates. Epidermal samples were homogenized in a glass homogenizer at 0°C in 0.2% Triton-X 100 as described previously. The homogenate was incubated with exogenous A-SMase from human placenta at 37°C for 2 hours.
In-vitro assay of A-SMase and N-SMase activity. At different time points after treatment, skin samples (about 4 cm 2 ) were excised. The epidermis or individual epidermal cell layers, respectively, were homogenized in buffer A or B using the glass homogenizer at 0°C at 600 rpm in 400 µL. The cell debris and nuclei were removed by low-speed centrifugation at 420 g for 10 minutes. The supernatants were used for the in vitro assay as described (10) . Protein Barrier disruption results in activation of A-and N-SMase in hairless mice (hr -/-). Immediately (0 hours), 1 hour, and 3 hours after barrier disruption, skin samples were obtained, the epidermis was isolated, and SMases were determined in epidermal homogenates by in vitro mixed micelle enzyme assays using radiolabeled sphingomyelin as substrate. (a) A-SMase (*P < 0.05, n = 6). (b) N-SMase (*P < 0.005, n = 8).
Figure 4
TNF-R55 deficiency prevented an activation in A-and N-SMase. Immediately (0 hours) and 1 hour after barrier disruption A-and NSMase activities were determined in epidermal samples of hairy wild-type (hr +/+ ) and hairy TNF-R55-deficient (hr +/+ ) mice as described in Figure 3 . Wild-type: (a) A-SMase (*P < 0.05, n = 6) and (b) N-SMase (*P < 0.05, n = 8). TNF-R55-deficient: (c) A-SMase (NS, n = 9) and (d) N-SMase (n = 9, NS).
Protein determination. The protein content in epidermal homogenates was determined by the method of Bradford (40) using BSA as the standard (BCA-protein assay).
Results
Influence of topical application of TNF on permeability barrier repair. Repeated tape stripping of the skin removed cells from the SC and resulted in a superficial wound. We determined as a marker of barrier disruption an increase in TEWL from 1.8 ± 0.2 to 45.0 ± 15.3 g/m 2 per hour. Immediately after treatment, barrier repair commenced. A rapid decrease in TEWL leading to about 60% barrier recovery occurred in hairless mice within 5 hours. This was followed by slower kinetics of barrier recovery within 24 hours (Figure 1) . To investigate the possible involvement of TNF in barrier repair, 25,000 U of TNF was applied topically immediately after barrier disruption. As shown in Figure 1 , TNF slightly but significantly enhanced permeability barrier repair at 1 hour, 3 hours, and 5 hours, compared with the vehicle-treated control (P < 0.05, n = 5). Seven hours and 24 hours after barrier disruption recovery of TNF-treated mice was indistinguishable from that of untreated control mice.
Barrier recovery in TNF-R55-deficient mice. To evaluate the possible role of the p55 TNF receptor, we next examined barrier repair in TNF-R55-deficient mice (hr +/+ ) after tape stripping. As shown in Figure 2a , TNF-R55-deficient mice exhibited a significant delay in barrier repair at 1-24 hours after treatment. The delay in barrier repair peaked at 3-5 hours (-41% reduced recovery at 3 hours; P < 0.001, n = 7). These data clearly demonstrate the involvement of TNF-R55 in cutaneous barrier repair. In contrast, in TNF-R75-deficient mice (hr +/+ ), barrier repair was unchanged compared to wild-type animals (n = 5) (Figure 2b) .
Epidermal A-and N-SMase activity after acute barrier disruption in hairless, hairy, and TNF-R55-deficient mice. To investigate the involvement of the sphingomyelin metabolism in cutaneous barrier repair, we next assayed the basal enzymatic activities of epidermal sphingomyelinases in hairless mice (hr -/-). A-SMase exerted high basal activity in untreated epidermis (31.1 ± 5.2 nmol/h per milligram of protein). Enzymatic activity of A-SMase was increased at 1 hour after barrier disruption (+59%; P < 0.05, n = 6) and slightly increased at 3 hours (+17%, NS) (Figure 3a) . N-SMase activity was 0.55 ± 0.05 nmol/h per milligram of protein in untreated epidermis. After barrier disruption, an increase of the enzyme activity at 1 hour and 3 hours was obtained. A maximum of 149% increase (P < 0.005, n = 8) was noted at 1 hour after treatment. At 3 hours after treatment, the increase in N-SMase activity was lower, but still significant (+41%; P < 0.005, n = 8) (Figure 3b) . These results indicate activation of A-SMase as well as N-SMase during barrier repair.
Because TNF-R55-deficient mice (hr +/+ )were bred on a hairy background, we determined SMase activities in the respective hairy C57BL/6 mice as controls. Baseline A-and N-SMase activity in C57BL/6 was in the same range as in the hairless mice. At 1 hour after barrier disruption we found a 30% increase in A-SMase (P < 0.05, n = 9) and a 60% increase in N-SMase activity (P < 0.05, n = 9) (Figure 4, a and b) . Baseline A-and N-SMase activities in TNF-R55-deficient mice (hr +/+ ) were nearly identical to the controls. In contrast to hairless mice (hr -/-) and C57BL/6 littermates (hr +/+ ), barrier disruption in TNF-R55-deficient mice (hr +/+ ) did not result in an increase in A-and N-SMase activity, indicating a crucial role for TNF-R55 in signaling for activation of both enzymes (Figure 4, c and d) .
Epidermal ceramide and sphingomyelin content after acute barrier disruption. To prove that the enhanced sphingomyelinase activities measured by in vitro assays are also reflected by changes in ceramide mass in vivo, we analyzed the content of ceramide by HPTLC. We detected 2 major fractions for ceramides in accordance with published results (36) (37) (38) . We found that at 2 hours after barrier disruption, the content in ceramides C 16 and C 24 increased by 9% and 27%, respectively (P < 0.05, n = 4) ( Figure 5 ). The overall amount of C 24 ceramide before and after acetone treatment was 12-fold higher than that of C 16 ceramides. In parallel with
Figure 5
Influence of acute barrier disruption or exogenous sphingomyelinase on ceramide and sphingomyelin content. Barrier disruption and isolation of the epidermis (2 and 4 hours after treatment) were performed as described in Figure 1 . Epidermal homogenates were incubated with exogenous sphingomyelinase for 2 hours. Lipids were extracted by the method of Bligh and Dyer (30), separated by HPTLC, shown for ceramides in (a) and analyzed by laser densitometry after charring of the HPTLC plates (b).
the increase in ceramides, a decrease in epidermal sphingomyelin was observed (-17% and -12% at 2 hours and 4 hours, respectively). After application of exogenous A-SMase to epidermal homogenates, C 24 and C 16 ceramides increased by 27% and 34%, respectively ( Figure 5 ). In parallel a reduction in sphingomyelin (-13%) was determined (not shown). Thus, exogenous SMase treatment, leading to hydrolysis of sphingomyelin, results in production of the same ceramide species as in response to experimental barrier disruption, supporting our finding that sphingomyelin hydrolysis rather than ceramide de novo synthesis is involved in the early phase of barrier repair.
Effects of A-SMase inhibition by imipramine on permeability barrier repair.
Previous studies have shown that the cyclic antidepressants desipramine and imipramine cause proteolytic degradation of lysosomal sphingomyelinase (A-SMase) in human fibroblasts (41, 42) . In our animal model application of imipramine and desipramine resulted in a delay in permeability barrier compared with vehicle treatment. In imipramine-treated mice we found a significant delay in barrier repair at 1, 3, 5, and 7 hours, peaking at 1 hour after barrier disruption (Figure 6a ). Delay in barrier repair was less pronounced after desipramine treatment (not shown).
To examine if the delay in permeability barrier repair after topical application of imipramine is related to sphingomyelinase we determined the effect of this compound on A-and N-SMase activities. Topical application of imipramine immediately after barrier disruption resulted in a 68% decrease in enzymatic activity 1 hour after treatment (P < 0.01, n = 6) (Figure 6b ). In contrast, N-SMase activity was increased after barrier disruption (+42%; P < 0.025, n = 6) (Figure 6c ). These results suggest that the delay in permeability barrier repair after topical application of imipramine may be caused by diminished A-SMase activity.
Localization of epidermal A-and N-SMase activity. To gain information on possible functional roles of the sphingomyelinases in barrier repair, we next investigated the cutaneous location of both A-and N-SMase in untreated hairless mouse skin. As shown in Figure 7a , A-SMase activity in the outer (SC and stratum granulosum) was 3-fold greater than in the inner epidermal layers (stratum spinosum and stratum basale; P < 0.0001, n = 6). In contrast, N-SMase activity was equally distributed between outer and inner layers (49% and 51% of the total activity, respectively) (Figure 7b) . N-SMase activity after staphylococcal exfoliative toxin separation was lower than that without the toxin. This could be related to a certain degree of toxicity against the enzyme. The predominance of A-SMase activity in the outer epidermal layers is most likely related to the localization of A-SMase in the lamellar bodies described previously (9, 10) and points to a possible function for A-SMase in generating ceramides for maintaining barrier function.
To examine if A-SMase is still present after exocytosis of lamellar body content we assayed the enzyme activity in cells attached to tapes (cellophane type) obtained from outer and inner SC by different numbers of tape strips. A-SMase activity in the outer SC (first tape strip) was 1.8 nmol/h per milligram of protein and was significantly higher (4.0 nmol/h per milligram of protein; P < 0.0001, n = 10) in the inner SC (fifth tape strip) (Figure 7c) . SC A-SMase activity in the inner epidermis was slightly increased at 1 hour (+7.6%; NS, n = 5) and was significantly reduced at 3 hours (not shown). N-SMase activity in the SC of untreated or treated skin isolated by tape strips was very low and did not differ from the basal ground level. These findings show that A-SMase is still active in the lower SC during lamellar body exocytosis and lipid bilayer formation.
Discussion
The cytokine TNF exerts a broad spectrum of biological functions and is involved in cell growth, differentiation, inflammation, and immune function (43, 44 ). An increase in epidermal TNF after permeability barrier disruption and in wound healing has been described (28) (29) . In this study we provide evidence that components of the TNF signaling pathway including sphin-
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Figure 6
Topical application of imipramine results in delay of permeability barrier repair and reduction of stimulated A-SMase activity. Barrier disruption in hairless mice and application of imipramine (30 µL, 1% wt/wt) was performed as described in Figure 1 . (a) Recovery in TEWL was determined at different time points after treatment (*P < 0.05, n = 5). (b) A-SMase (*P < 0.01, n = 6) and (c) N-SMase (*P < 0.025, n = 6) activities were determined at 1 hour after barrier disruption in the absence (open bars) and presence (filled bars) of imipramine.
gomyelinase and ceramide are crucially involved in cutaneous barrier repair. In hairless mice it was found that topical application of TNF after experimental injury by tape stripping enhances skin permeability barrier repair at 1-5 hours after treatment. We suggest that accelerated barrier repair in TNF compared with vehicle-treated mice is caused by enhanced concentration of this cytokine, which triggers the release of ceramide from sphingomyelin, which is important for barrier repair. Tape stripping results in endogenous TNF-production, whereas exogenous TNF will act immediately because it does not have to be synthesized de novo. In TNF-R55-deficient mice barrier repair was significantly delayed compared with the wild-type animals. Because in TNF-R75-deficient mice barrier repair was unchanged, these data suggest a selective involvement of TNF-R55 in epidermal barrier repair. The sphingomyelinase pathway is important for TNF as well as Il-1 signaling (14) . Previously, it has been shown that after experimental barrier disruption, an increase in TNF mRNA and protein levels occurs at 1 hour after barrier disruption, whereas an increase in Il-1-α and Il-1-β levels was delayed and occurred at 3 hours after barrier disruption (28) . Using several transgenic mice strains that either overexpress or are defective in the Il-1 and Il-1 receptor system we could not find a significant delay in permeability barrier repair in Il-1 receptor 1-deficient mice (45) . These results suggest a predominant role of TNF and TNF-R55 for skin barrier repair, whereas the role of the Il-1 seems to be less pronounced.
Previously, several cell-culture studies have documented the important role of N-and A-SMase as well as ceramides in TNF signaling (12, 14, 46, 47) . Sphingomyelinases are involved in cell signaling for growth, differentiation, and apoptosis. In this study we found a low activity of N-SMase under basal conditions. Previously, similar values for the specific activities of NSMase, A-SMase, and alkaline SMase (specific for the gastrointestinal tract) have been described in human colon tissue (48) and have been found in keratinocyte cell culture (E. Proksch, unpublished data). After stimulation by barrier disruption, a 2.5-fold increase in NSMase activity was observed 1 hour after barrier disruption in this study. At 3 hours there was still a 1.5-fold increase in enzyme activity. The time course of activation was delayed compared with other extracutaneous reports of N-SMase activation by TNF (12) . Most of the previous work on the activation of N-SMase has been performed in cell culture with a direct stimulation of receptor-coupled signaling pathways by exogenous TNF. In the in vivo situation in our studies it takes 30 to 60 minutes before the barrier disruption triggers N-SMase because endogenous TNF first must be synthesized.
We propose that N-SMase is responsible for generations of ceramides with signaling functions. Despite an increase during barrier repair the activity of this enzyme is too low to generate a significant amount of ceramides for structural functions in the barrier. However, it was shown previously that increase in epidermal proliferation is important for permeability barrier repair after experimental barrier disruption (25) . Very recently we further explored the N-SMase signaling cascade in FAN-deficient mice. FAN is an adapter protein that couples the TNFreceptor p55 to N-SMase (49). We found a delayed permeability barrier repair and a significantly reduced epidermal proliferation in FAN-deficient animals defective in TNF-induced N-SMase activation (50) . In TNF-R55-deficient mice we also detected a reduced increase in epidermal proliferation after barrier disruption (E. Proksch, unpublished data). These findings suggest a role of TNF-induced N-SMase activation in the regulation of proliferation during skin barrier repair.
Our data indicate that the TNF pathway through ASMase generates ceramides with structural functions for the extracellular lipid lamellae in the SC permeability barrier. This assumption is based on the high activity of the enzyme present, the colocalization of ASMase and sphingomyelin in the lamellar bodies (10, 11, 51, 52) , and the increase in predominantly C 24 ceramides that are abundant in the SC permeability barrier (37) (38) (39) . In detail, we found that the activity of A-SMase in the epidermis was 60-fold higher than that
Figure 7
Localization of epidermal Aand N-SMase activities. Hairless mice were injected intradermally with staphylococcal exfoliative. After 2 hours, outer and inner epidermal layers were isolated and (a) A-SMase (*P < 0.0001, n = 6) and (b) N-SMase (NS, n = 6) assays were performed. (c) SC samples were obtained by tape stripping. Cells from the outer (first tape strip) and the inner (fifth tape strip) were eluted in buffer A, and A-SMase activity was determined (P < 0.0001, n = 10).
of N-SMase. A-SMase activity is in the same range as data published previously for epidermal serine-palmitoyl-transferase (SPT) or hydroxy-methylglutaryl (HMG) CoA reductase activity (22, 23) . In keratinocyte culture, where there is no permeability barrier, A-SMase activity is less then one-tenth the activity in the epidermis in vivo (E. Proksch, unpublished data). This implies that in vivo a considerable amount of ceramide for SC structural function is generated by A-SMase. Sublayer analysis in hairless mouse skin revealed that the highest A-SMase activity was localized in the outer epidermal layers (SC/stratum granulosum) where it was 3-fold higher than in the inner layers (stratum spinosum/stratum basale). In the SC a gradient with considerable activity in the inner and low activity in the outer layers became apparent. In contrast, N-SMase was equally distributed in outer and inner epidermal cell layers. Our studies are in accordance with the known colocalization of sphingomyelin and A-SMase in the epidermal lamellar bodies that are restricted to the upper stratum spinosum and the stratum granulosum (10, 11, 51, 52) and a function of A-SMase for degrading sphingomyelin to ceramides for the permeability barrier during the transition from the stratum granulosum to the SC. A significant activity (25% of the total activity) was also determined in the inner epidermis (stratum basale and stratum spinosum) and could represent, in part, the enzyme in the lamellar bodies of the upper stratum spinosum.
The role of the A-SMase for permeability barrier repair was further strengthened by lipid analysis. In parallel with the increase in A-SMase activity, we found a decrease in epidermal sphingomyelin content and an increase in ceramide content after barrier disruption. The values for the increase in ceramide, and especially for the decrease in sphingomyelin, seem to be relatively small. However, in comparison with the large amount of phospholipids, a 15% decrease in sphingomyelin content is significant. A greater loss in sphingomyelin would possibly result in cell destruction. We determined a predominant increase in C 24 ceramide after barrier disruption. It was shown previously that C 24 ceramide represents about 70% of SC ceramide (53) . In addition, we found an increase in C 16 ceramide that is also known to be a part of SC lipid bilayers (2, 53) . (38) . However, ceramide 1 and ceramide 4 may comigrate with ceramide 2 and ceramide 5, respectively. Therefore, we found only 2 ceramide bands in our HPTLC. Application of exogenous A-SMase to epidermal homogenates generated ceramides with a HPTLC pattern comparable to that after experimental barrier disruption. These results suggest that an important amount of epidermal ceramides may be derived from sphingomyelin hydrolysis during permeability barrier repair.
An important novel finding of our study is the previously unrecognized role of A-SMase in the early phase of barrier repair. A-SMase activity after acute barrier disruption was increased already at 1 hour after treatment. It has been reported previously that the synthesis of all the lipids that reside in the SC permeability barrier (cholesterol, free fatty acids, and ceramides) is increased after barrier disruption (21) . However, regarding the rate-limiting enzymes, an increase in HMG CoA reductase activity was observed at 2.5-4.5 hours and the increase in fatty acid synthase and acetyl CoA carboxylase was detected at 2-6 hours after barrier disruption (22, 24) . The increase in SPT activity for ceramide synthesis was delayed, occurring at 6-12 hours after treatment (23) . The amount of ceramides is also regulated by the hydrolytic enzyme β-glucocerebrosidase, which cleaves glucosylceramide. Previously, Holleran et al. showed the important role of β-glucocerebrosidase in skin barrier homeostasis (55) (56) (57) , and there are parallels between the function of β-glucocerebrosidase and A-SMase in skin barrier repair. β-glucocerebrosidase is also localized in the outer, more differentiated epidermal cell layers (7) . Single or repeated treatment by the β-glucocerebrosidase inhibitor bromo-conduritol-B-expoxide delayed barrier recovery or resulted in a chronic disrupted permeability barrier (a model for Gaucher's disease; ref. 57). However, there are also some differences. The A-SMase inhibitor imipramine only results in a delayed permeability barrier repair; repeated treatment does not induce chronic barrier disruption (E. Proksch, unpublished data). In contrast to early activation of A-SMase, a significant increase in β-glucocerebrosidase activity after barrier disruption did not occur before 8 hours after treatment at the mRNA level and not before 24 hours at the protein level (55) . Thus the rapid activation of A-SMase seems to be important for the generation of structural ceramides early during permeability barrier repair, whereas β-glucocerebrosidase exerts a function in late barrier repair and the long-term maintenance of skin barrier homeostasis.
The functional role of A-SMase in barrier repair was further demonstrated in the this report by the employment of the cyclic antidepressants imipramine and desipramine, which cause proteolytic degradation of lysosomal sphingomyelinase (A-SMase) (41, 42) . Application of imipramine and desipramine in hairless mice after experimental injury to the skin resulted in a delay in permeability barrier paralleled by a significant reduction in A-SMase activity, whereas the N-SMase level remained unaffected. These results show that inhibition of A-SMase is sufficient to result in a delay in permeability barrier repair. Our findings are in accordance with very recent human study in a family of type B NiemannPick disease patients who exhibited a severe reduction in A-SMase activity (58) . These patients showed a delay in permeability barrier repair after experimental disruption (59), supporting our findings obtained by A-SMase inhibition with imipramine in mice.
Notably, in TNF-R55-deficient mice no stimulation of either A-and N-SMase activities occurred after barrier disruption. Therefore, the delay in early permeability barrier repair in TNF-R55-deficient mice is very likely related to the abnormal regulation of A-and NSMase activities. Again, these findings suggest a predominant role of TNF in sphingomyelin hydrolysis for permeability barrier repair.
In summary, our in vivo results suggest a functional role of TNF and the TNF receptor p55 connecting SMases through production of ceramide to cutaneous permeability barrier repair after SC injury. These findings might be important for the development of new treatment modalities to enhance permeability barrier repair in skin diseases and in wound healing.
